Head and neck squamous cell carcinoma (HNSCC) is the sixth most prevalent cancer worldwide. Long-term survival rates in patients with HNSCC have not increased significantly in the past 30 years. Therefore, looking for novel molecular targets that control HNSCC progression is urgently required to improve the treatment of HNSCC. Here, we identified Sorting Nexin 5 (SNX5) as a new regulator that plays an oncogenic function in HNSCC progression. Analyzing HNSCC patients' data from the Cancer Genome Atlas (TCGA) indicates that the expression levels of SNX5 in HNSCC are significantly elevated compared to normal tissues. Furthermore, higher SNX5 expression correlates with a worse prognosis for HNSCC patients. These results suggest that SNX5 has an oncogenic role. Consistently, loss of SNX5 in HNSCC cells dramatically reduces colony formation and significantly decreases tumor growth in xenograft mouse models. SNX5 interacts with the tumor suppressor F-box/WD repeat-containing protein 7 (FBW7), an E3 ubiquitin ligase that mediates ubiquitination and degradation of oncoproteins such as c-Myc, NOTCH1, and Cyclin E1. By interacting with FBW7, SNX5 inhibits FBW7-mediated oncoproteins ubiquitination. In this way, SNX5 decreases the FBW7-mediated oncoproteins degradation to promote HNSCC progression.
Introduction
HNSCC comprises a heterogeneous group of tumors that arise from the squamous epithelium of the oral cavity, oropharynx, larynx and hypopharynx. In the United States, 63,000 patients are diagnosed annually, and about 13,000 die from the disease [1] . Moreover, the progress in HNSCC treatment in recent years is still very limited. Compared with other types of cancers such as ErbB2 + breast cancer and Non-Small Cell Lung Cancer (NSCLC) with EGFR mutants, it is difficult to develop efficient targeted-therapies in HNSCC for the lacking of effective drug targets. Conventional treatments for locally advanced disease are multimodal, utilizing combinations of surgery, radiotherapy, and chemotherapy, which result in significant short term and long term morbidity and are curative in only about 50% of patients [2] . Therefore, searching for novel modulators that effectively affect HNSCC progression is critical for the identification of new drug targets and improving HNSCC treatment.
SNX5 belongs to the Sorting Nexins (SNXs) family of proteins. The SNXs are a large family of proteins that are defined by the presence of a SNX phox homology (PX) domain (SNX-PX) [3] [4] [5] . The SNX-PX domains act as phosphoinositide-binding motifs that aid in the targeting of the SNX protein to phosphoinositide-enriched membranes [4] . SNXs play multiple roles in different aspects of endosomal trafficking, including endosome to Trans-Golgi Network (TGN) trafficking, recycling to the cell surface, and endocytosis [6] . The correlation of SNXs expression with tumorigenesis has been reported.
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Levels of SNX1 are significantly down-regulated in 75% of human colon cancers and this SNX1 down-regulation promotes colon tumorigenesis [7] . SNX5 is reported to be highly expressed in papillary thyroid carcinomas [8, 9] . However, the mechanisms by which SNXs control tumorigenesis have not been clearly demonstrated.
FBW7 is an ubiquitin ligase substrate receptor as a component of the SCFs (Skp1, Cullin-1, F box protein) E3 ubiquitin ligases [10] . FBW7 mediates the ubiquitination and degradation of critical oncoproteins such as c-Myc, NOTCH1, and Cyclin E1 [11] [12] [13] [14] [15] . Therefore, FBW7 down-regulates oncogenic signaling and functions as a critical tumor suppressor. Furthermore, the anti-apoptotic protein Mcl-1 is a substrate of FBW7 [16] . Loss of FBW7 function leads to dramatically enhanced expression of Mcl-1, which causes cancer cell resistance to chemotherapies and resistance to Bcl-2 inhibitors by protecting cancer cells from apoptosis [17] [18] [19] [20] . The FBXW7 gene, which encodes FBW7, is one of the most frequently mutated genes in human cancers [21] [22] [23] . Data from cBioPortal indicates a 6.45% frequency of FBXW7 gene mutation in HNSCC patients (mutation found in 33 cases of total 512 cases, TCGA). However, the mechanisms modulating FBW7 function in HNSCC are still not clear.
Here, we show that SNX5 interacts with FBW7 and blocks FBW7-mediated ubiquitination of oncoproteins. In this way, SNX5 inhibits the degradation of FBW7 substrates such as c-Myc, NOTCH1, and Cyclin E1. Therefore, SNX5 enhances these oncoproteins expression and promotes HNSCC progression. Our results uncover a novel oncogenic function of SNX5 in cancer progression.
Materials and Methods
Cell cultures and transfection. The HNSCC cell lines UMSCC1 and FaDu were cultured using Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS). For plasmid transfection, cells were transfected using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) following the manufacturer's instructions.
Clinical samples. [24, 25] .
CRISPR-cas9 genome editing. Genomic disruptions were created in UMSCC1 cells using clustered regularly-interspaced short palindromic repeats (CRISPR)/Cas9 system as previously described [26] . LentiCRISPR v2 plasmid (Addgene) was used to mediate the expression of the single guide RNA (sgRNA) and cas9 protein by lentivirus infection. The sgRNAs targeting SNX5 specific sequence were designed using the online software from the website: http://crispr.mit.edu. Three different sgRNA-targeting sequences were chosen: 5'-CAAATTTACAGTGCACACAA-3' (sgRNA1), 5'-TGCGGTGTGGATATAGTCAT-3' (sgRNA2), and 5'-GCTCTGAAACGTGGGCAGTG-3' (sgRNA3). Lentivirus-infected cells were cultured in medium containing puromycin (2µg/ml) for 2 days for selection. Surviving cells were then trypsinized and a single cell was isolated by limited dilution of the selected cells in 96-well plates. Each single clone was passaged and expanded. The total DNA of each colony was extracted and genotyped. The genomic region surrounding the CRISPR/Cas9 target site for SNX5 was PCR amplified. The amplicons were cloned into the pCR TM 2.1 Vector (Invitrogen) and validated by sequencing.
Cell proliferation assay. Cells (1,000) were seeded in 48-well plates. After indicated culture times, the cell viability was then tested by using WST-1 cell viability assay kits according to the manufacturer's instructions. Briefly, the cells were incubated with WST-1 (10 μl) in the cell culture medium (100 μl) for 2hr. The absorbance of each sample solution was then measured at 450 nm against a background control as blank using a microplate reader (BioTek TM Synergy TM H1 Hybrid Multi-Mode). The wavelength of 650 nm was used as the reference wavelength.
Soft agar colony formation assay. Complete 2X DMEM cell culture media was mixed with 1% agarose at 1:1 ratio to achieve a final concentration of 0.5% agar and plated into 6-well plate to create the bottom layer. Trypsinized single cell suspensions containing 5,000 cells per well were mixed with 0.7% agarose to generate a final concentration of 0.35% agar as top layer and dispensed over the solidified bottom layer. After solidified, 1 ml 1X full media was added to each well and incubate at 37°C in 5% CO2 humidified incubator for 30 days. To stain the colonies, 200 ul nitrotetrazolium blue chloride (1mg/ml) was added and incubated overnight. Each well was photographed and the colony number and size were determined using ImageJ software.
Orthotopic Xenograft mouse models. Control or SNX5-knockdown UMSCC1 cells (5 × 10 5 cells for each injection) were injected separately into the lateral tongue of 6-week-old NOD scid gamma (NSG) mice (n = 10 per group) [27] . After 4 weeks, mice were euthanized by CO 2 inhalation and the tumors in the tongue were removed and the size was measured using calipers. Tumor volume was calculated as V = AB 2 (π/6), where A is the longest dimension of the tumor and B is the dimension of the tumor perpendicular to A.
Immunoprecipitation and immunoblotting. Immunoprecipitation was performed as described [28] . Briefly, cells were harvested and lysed in 25 mM HEPES, pH 7.2, 150 mM NaCl, 0.25% NP-40, 1 mM MgCl2, and protease inhibitor cocktail, then centrifuged and incubated with protein G-Sepharose and 2 µg antibody as indicated at 4 °C for 4 hours. The immunocomplexes were separated by SDS− polyacrylamide gel electrophoresis (SDS−PAGE), and analyzed as indicated.
In vivo ubiquitination assay. Flag-c-Myc and HA-Ubiquitin were co-transfected with or without HA-FBW7. The cells were harvested and lysed in 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% NP40, 10% Glycerol, 0.1% SDS, and protease inhibitor cocktail, then centrifuged and incubated with protein G-Sepharose and 2 µg anti-Flag antibody at 4 °C overnight. The immunocomplexes were separated by SDS−PAGE and the ubiquitination of purified Flag-c-Myc was detected by anti-Ubiquitin antibody.
Statistics. All data analysis was performed using SigmaPlot, except for survival analysis that used JMP, with p-value based on the log-rank test. Bar graphs represent means ± SEM., as indicated. Statistical significance was assessed using the Student t-test.
Results
SNX5 expression in HNSCC is correlated with worse prognosis of patients. The HNSCC patients' data from TCGA was analyzed to compare the SNX5 mRNA expression level in normal tissues (n = 44) and primary tumors (n = 520). As shown in Fig. 1A , the expression of SNX5 in HNSCC primary tumors is significantly elevated compared with normal tissues. The elevated SNX5 expression in HNSCC may suggest a role of SNX5 in the development of HNSCC. SNX5 protein expression levels were further detected in 5 pairs of primary HNSCC tumor (T) and their matched non-cancerous tissues (N). As shown in Fig.  1B and 1C , SNX5 protein expression in HNSCC tumor (T) is significantly elevated compared to matched non-cancerous tissues (N) in these N/T pairs tested. This further supports that SNX5 expression is elevated in many HNSCC.
To explore the correlation of SNX5 expression with the prognosis of HNSCC patients, a Kaplan-Meier plot analysis was done using the HNSCC patients' data from TCGA. The patients were separated to two groups as SNX5-high expression (80%, n = 452) and SNX5-low expression (20%, n = 113). As shown in Fig. 1D , there is a significant difference of prognosis between these two patients groups. The higher expression of SNX5 in HNSCC correlates with worse overall survival rates. This suggests an oncogenic function of SNX5 in HNSCC.
Loss of SNX5 decreased the growth and colony formation of HNSCC. To determine the effect of SNX5 in HNSCC progression, SNX5-knockout HNSCC cell lines were established using UMSCC1 cells by using the RNA-guided clustered regularly interspaced short palindromic repeats (CRISPR)-Cas9 nuclease system [29, 30] . To decrease the risk of off-targeting effects of CRISPR, three different sgRNA-targeting sequences were designed. Four single-clone SNX5-knockout cell lines were selected. One single-clone (SNX5-KO_1) was generated by sgRNA1, two single-clones (SNX5-KO_2.1 and SNX5-KO_2.2) were made by sgRNA2, and another single-clone (SNX5-KO_3) was generated by sgRNA3. The genome editing of SNX5 gene was confirmed via sequencing the targeted loci ( Table 1 ). The loss of SNX5 protein expression was further validated by Western blot (Fig. 2A) . The effects of SNX5 loss on cell growth was detected by cell proliferation assay. As shown in Fig. 2B , loss of SNX5 decreased the proliferation of UMSCC1 cells. The effects of SNX5 loss on HNSCC colony formation were tested by soft agar assays. As shown in Fig. 2C and 2D , the loss of SNX5 significantly attenuated the colony formation in all SNX5-knockout UMSCC1 cell lines. Compared with control cells (generated by LentiCRISPR v2 empty vector), the number of total colonies and number of big colonies (diameter > 600 µm) in SNX5-KO_1 and SNX5-KO_3 cells were both dramatically decreased. In SNX5-KO_2.1 and SNX5-KO_2.2 cells, the number of total colonies did not change significantly but the number of big colonies (diameter > 600 µm) was significantly decreased as compared with control cells. Although the results suggest that the use of different sgRNAs leads to some variations, the general effects of SNX5-knockout on soft agar assay is attenuating colony formation. The variations in these SNX5-knockout single clone cells may be related to the different editing of SNX5 gene in these cells (Table  1) . The CRISPR-mediated SNX5 gene editing caused frameshift in all the four single clone cell lines and introduced premature stop codon at different sites. In SNX5-KO_1 and SNX5-KO_3 cells, the premature stop codon is introduced after 69 amino acids. In SNX5-KO_2.1 and SNX5-KO_2.2 cells, the premature stop codon is introduced after 251 amino acids or 244 amino acids. It is possible the different premature stop codon sites may be related to the variations in soft agar assay.
To determine whether SNX5 can modulate colony formation in other HNSCC cell lines, SNX5 expression was knocked down by shRNA in FaDu cells. As shown in Fig. 3 , loss of SNX5 in FaDu cells significantly decreases colony formation, a similar effect as in UMSCC1 cells. These results support an oncogenic function of SNX5 in HNSCC. Loss of SNX5 decreased in vivo tumor growth of HNSCC. To further validate the effect of SNX5 in HNSCC tumor formation, an orthotopic xenograft mouse model was tested. The SNX5-knockdown UMSCC1 cell line was made by SNX5 shRNA. The loss of SNX5 protein expression was confirmed by Western blot (Fig. 4A) . Control or SNX5-knockout cells were injected orthotopically into the lateral tongue of immune-deficient NSG mice. After 4 weeks, the mice were euthanized and tumors in the tongue were removed and the tumor volume was measured. As shown in Fig. 4B and 4C, the loss of SNX5 significantly decreased tumor volume in the orthotopic xenograft mouse model. This is consistent with the result that loss of SNX5 decreased colony formation in soft agar assay ( Fig. 2 and 3) . These results indicate that loss of SNX5 can attenuate HNSCC tumor growth in both in vitro and in vivo systems. SNX5 interacts with FBW7 and modulates the expression levels of FBW7 substrates. In the screening for HNSCC progression-related cell signaling that is modulated by SNX5, we first identified NOTCH1 and c-Myc. NOTCH1 is a single-pass transmembrane receptor that is essential for the control of cell proliferation and differentiation [31] . Upon activation, NOTCH1 receptors undergo a cascade of proteolytic cleavage by metalloprotease tumor necrosis factor-α-converting enzyme (TACE) and γ-secretase complex, releasing the cleaved NOTCH1 intracellular domain. Subsequently, the cleaved NOTCH1 translocates into the nucleus and regulates target gene expression to modulate cancer progression [32] [33] [34] . C-Myc is a transcription factor and plays fundamental roles in cell cycle progression, apoptosis and cellular transformation [35, 36] . Amplification of the Myc gene has been found in HNSCC [37] . As shown in Fig. 5A and 5B, the expression levels of cleaved NOTCH1 and c-Myc in SNX5-knockout cells were significantly decreased compared with control cells. Consistently, SNX5-knockdown by shRNA has similar effects on down-regulating cleaved NOTCH1 and c-Myc expression (Fig. 5C) . To exclude the possible shRNA off-targeting effects, a SNX5 construct containing siRNA resistant silent mutations was used to re-express SNX5 in SNX5-knockdown cells. The re-expression of SNX5 can rescue cleaved NOTCH1 and c-Myc expression in SNX5-knockdown cells (Fig.  5C ). This further supports the role of SNX5 in modulating NOTCH1 and c-Myc. The expression of cleaved NOTCH1 and c-Myc can be modulated by an E3 ubiquitin ligase FBW7. FBW7 binds to cleaved NOTCH1 and c-Myc to down-regulate their protein levels [12, 38, 39] . To determine whether SNX5 can modulate cleaved NOTCH1 and c-Myc by FBW7, an immunoprecipitation assay was performed to test the interaction of SNX5 with FBW7. As shown in Fig. 5D , FBW7 can be co-immunoprecipitated with SNX5, which indicates that SNX5 interacts with FBW7. Other members of Sorting Nexin family proteins such as SNX1 and SNX6 cannot interact with FBW7 (Fig. 5D ). This suggests that the SNX5-FBW7 interaction is specific. SNX5 may modulate HNSCC progression by regulating FBW7 function.
FBW7 is a well-known tumor suppressor. Including cleaved NOTCH1 and c-Myc, FBW7 also controls the ubiquitination and degradation of other important oncoproteins such as Cyclin E1. Cyclin E1 regulates cell-cycle entry and progression [40, 41] . The frequent cyclin E1 amplifications in solid tumors suggest its function as oncogenic driver [42, 43] . FBW7 binds to Cyclin E1 to mediate its degradation [44] . Loss of SNX5 significantly decreased Cyclin E1 levels (Fig. 5A , 5B, and 5C). Mcl-1 is an anti-apoptotic protein and is another substrate of FBW7 [16] . Loss of SNX5 also decreased Mcl-1 expression (Fig. 5A , 5B, and 5C). These results indicate that SNX5 can modulate the expression levels of FBW7 substrates. (Fig. 5) . This result suggests that SNX5 regulates FBW7 function.
To further determine how SNX5 modulates FBW7-mediated c-Myc down-regulation, the effect of SNX5 on FBW7-mediated c-Myc ubiquitination was detected. To avoid the degradation of ubiquitinated c-Myc by proteasome, cells were pre-treated with proteasome inhibitor MG132. As shown in Fig. 6B , the expression of FBW7 dramatically enhanced c-Myc ubiquitination levels. The expression of SNX5 decreased FBW7-mediated c-Myc ubiquitination. This indicates that SNX5 can block FBW7-mediated c-Myc ubiquitination. Altogether, our data lead to the model (Fig. 7) that SNX5 binds to FBW7 and blocks FBW7-mediated ubiquitination of oncoproteins. Therefore, SNX5 protects the expression of oncoproteins such as cleaved NOTCH1, c-Myc, and Cyclin E1. In this way, expression of SNX5 promotes HNSCC progression. On the contrary, loss of SNX5 increases the ubiquitination and proteasomal degradation of these oncoproteins, which suppresses HNSCC progression.
Discussion
It is well established that SNX5 is a critical regulator of subcellular trafficking events such as macropinocytosis and endosomal sorting. As an important component of the retromer complex, SNX5 is required for mediating endosome-to-trans-Golginetwork retrograde transport of the cationindependent mannose-6-phosphate receptor [45] . SNX5 also controls macrophage macropinocytosis. Loss of SNX5 dramatically decreases macropinocytosis activity of bone-marrow-derived macrophages [46] . Our current research suggests a novel function of SNX5. By interacting with FBW7, SNX5 modulates oncoproteins ubiquitination and degradation. This further expands the knowledge of SNX5 function.
The role of SNX5 in cancer was first identified in thyroid cancers. Expression of SNX5 was observed in papillary thyroid carcinoma (PTC) and well-differentiated thyroid tumors (WDTC), whereas SNX5 was undetectable in poorly differentiated thyroid carcinoma (PDTC) [8] . This suggests that the SNX5 expression is dramatically decreased during the progression of WDTC into PDTC. Loss of SNX5 enhances the tumorigenic signaling driven by thyroid-stimulating hormone (TSH) to promote thyroid cancer progression. The SNX5 -/-thyroid tumors showed expanded malignant potential and the pulmonary metastasis of SNX5 -/-thyroid tumors was more frequent than that of wild-type tumors [9] . These reports support a potential tumor suppressor role of SNX5 in thyroid cancers. While, our current research indicates that SNX5 expression in HNSCC correlates with worse prognosis of patients (Fig. 1) . Loss of SNX5 decreases HNSCC colony formation and tumor growth in xenograft mouse models (Fig. 2, 3  and 4) . These results support an oncogenic function of SNX5 in HNSCC. These findings suggest that SNX5 may play distinct function in the progression of thyroid cancer and HNSCC.
Loss of SNX5 significantly decreases cleaved NOTCH1 levels to down-regulate NOTCH1 activation (Fig. 5) . Similar findings were also reported in zebrafish that knocking down of SNX5 caused a decrease in Notch activation and overexpression of SNX5 resulted in increased Notch activation [47] . All these results support the function of SNX5 as a regulator of NOTCH signaling. The role of SNX5 in modulating NOTCH1 signaling may not just dependent on FBW7. SNX5 may also regulate NOTCH1 signaling by binding with Mind bomb, an E3 ubiquitin ligase [48] . Mind bomb interacts with the intracellular domain of NOTCH1 ligand Delta to promote its ubiquitination and internalization, which is a critical step for NOTCH1 activation [49] . SNX5 may modulate the NOTCH1 ligand Delta ubiquitination and internalization by interacting with Mind bomb. Therefore, SNX5 may play multiple roles in regulating NOTCH1 signaling by interacting with FBW7 and Mind bomb.
SNX5 controls the expression levels of anti-apoptotic protein Mcl-1 (Fig. 5) . Mcl-1 blocks the progression of apoptosis by binding and sequestering the pro-apoptotic proteins Bcl-2 homologous antagonist killer (Bak) and Bcl-2-associated protein X (Bax), which contributes to HNSCC resistance to anti-cancer therapies [17] . It is possible that SNX5 can regulate HNSCC response to anti-cancer therapies by modulating Mcl-1 expression and cell apoptosis.
